We present 17 experimentally confirmed Feshbach resonances in optically trapped 85 Rb. Seven of the resonances are in the ground-state channel (f, m f ) = (2, +2) + (2, +2), and nine are in the excited-state channel (2, −2) + (2, −2). We find a wide resonance at high field in each of the two channels, offering new possibilities for the formation of larger 85 Rb condensates and studies of fewbody physics. A detailed coupled-channels analysis is presented to characterize the resonances, and also provides an understanding of the inelastic losses observed in the excited-state channel. In addition we have confirmed the existence of one narrow resonance in a (2, +2)+(3, +3) spin mixture.
I. INTRODUCTION
The creation of ultracold molecules is currently of great interest. They offer a wide range of applications including: studies of few-body quantum physics, high precision spectroscopy, quantum simulators for many-body phenomena and controlled chemistry [1, 2] . Ultracold molecules have a far richer substructure than atoms and so molecular condensates with tunable interactions offer unique levels of control over collision properties [3] . One route to ultracold molecules is through the association of two ultracold atoms into a weakly bound molecule [4] . The energy of a bound molecular state is tuned adiabatically through an avoided crossing with the energy of the separated atomic states [3] , forming a weakly bound molecule. The molecules can then be transferred into their ro-vibrational ground state by stimulated Raman adiabatic passage (STIRAP). This method has been used effectively in several systems to create ultracold molecules [5] [6] [7] . 85 Rb is a promising species for ultracold atomic gas experiments, though it has often been overlooked due to the challenges of forming a Bose-Einstein condensate (BEC) [8, 9] . Our recent work shows the benefits of 85 Rb for RbCs production [10] . However, for these experiments a full understanding of the scattering behavior of 85 Rb is required. Most previous work on 85 Rb has focused on the wide resonance near 155 G in the (f, m f ) = (2, −2) + (2, −2) channel [11] . This resonance is suitable for experiments that require precise tuning of the scattering length and has been used extensively in studies of condensate collapse [9, [12] [13] [14] , the formation of bright matter wave solitons [15] , and few-body physics [16] . Further work using 85 Rb includes spectroscopic studies of photo-association [17, 18] and measurements of inelastic collision rates [19, 20] , molecular binding energies [21] , molecule formation [22] [23] [24] [25] [26] and Efimov states [14, 16, 27] . Despite extensive work in this region of the (2, −2) + (2, −2) channel, there appears to have been little theoretical or experimental work on the ground state, or at higher field.
In this paper we reveal the rich Feshbach structure of 85 Rb. We use coupled-channels calculations to predict Feshbach resonances in both the (2, −2) + (2, −2) channel (designated ee), and (2, +2) + (2, +2) channel (designated aa) and confirm 16 of them experimentally. In addition we identify a resonance in the mixed spin channel (2, +2) + (3, +3). The structure of the paper is as follow: Section II describes the theory and calculations; Section III describes the experimental setup and methodology; Section IV describes the results, including an outlook on future research prospects.
II. THEORY
The collision Hamiltonian for a pair of alkali-metal atoms is
where r is the internuclear distance, µ is the reduced mass,L is the rotational angular momentum operator andV is the interaction operator.Ĥ 1 andĤ 2 are the monomer Hamiltonians of the free atoms,
where ζ i is the hyperfine coupling constant of atom i, g e and g n are the electron and nuclear g-factors,ŝ andî are the electron and nuclear spin operators and B is the magnetic field. The calculations in the present paper are carried out in two different basis sets: a fully decoupled basis set
and a partly coupled basis set The two basis sets give identical bound-state energies and scattering properties, but different views of the boundstate wavefunctions. In both cases the basis sets are symmetrized to take account of identical particle symmetry. The resulting coupled equations are diagonal in the total projection number
The basis sets used include all functions with L = 0 and 2 for the required value of M tot , which for s-wave scattering is equal to m f,a + m f,b for the incoming channel.
The coupled-channel scattering calculations are performed using the MOLSCAT program [28] , as modified to handle collisions in an external field [29] . Calculations are carried out with a fixed-step log-derivative propagator [30] from 0.3 nm to 2.1 nm and a variablestep Airy propagator [31] from 2.1 nm to 1,500 nm. The wavefunctions are matched to their long range solutions, the Ricatti-Bessel functions, at 1,500 nm to find the S-matrix elements. The s-wave (L = 0) scattering length a(k) is then obtained from the identity a(k) = (ik) −1 (1 − S 00 )/(1 + S 00 ) [32] , where S 00 is the diagonal S-matrix element in the incoming channel and k is the wavevector. The bound-state calculations use the BOUND [33] and FIELD [34] packages, which locate bound states using as described in Ref [35] . BOUND and FIELD use propagator methods, without radial basis sets. The calculations allow the assignment of quantum numbers to the states responsible for resonances in the scattering length.
The scattering and bound-state calculations are carried out using the potential curves and magnetic dipole coupling function from Ref. [36] . The potentials were obtained by fitting to spectroscopic data on both the singlet [37] The calculated s-wave scattering length for the aa channel is shown in the top panel of Figure 1 and the binding energies of the near-threshold molecular states responsible for the resonances are shown in the lower panel. The resonance positions are given in Table I , along with their widths ∆ as defined by local fits to the standard formula a(B) = a bg [1 − ∆/(B − B 0 )] [38] , where a bg is the background scattering length, ∆ is the width, and B 0 is the position of the pole in the scattering length. Quantum numbers were assigned by carrying out approximate calculations with either M F or F and M F restricted to specific values. For a homonuclear diatomic 
Scattering Length (a molecule, F is a nearly good quantum number in the lowfield region where the free-atom energies vary linearly with B. Figure 1 shows one wide resonance near 851 G (∆ = 1.2 G) that offers attractive possibilities for precise tuning of the scattering length, and many narrower resonances that may be useful for molecule formation.
For an excited-state channel, where inelastic scattering can occur, the scattering length a(B) is complex, a(B) = α(B) − iβ(B). The two-body inelastic loss rate is proportional to β(B). The upper panels of Figure 2 show the real and imaginary parts of a(B) for s-wave collisions in the ee channel. In this case the inelastic collisions produce atoms in lower magnetic sublevels, with m f,a and/or m f,b > −2. The lower panel shows the corresponding molecular bound states for M F = −4, −5 and −6, obtained from calculations with M F fixed. We also carried out calculations of the quasibound states with M F = −2 and −3 near the ee threshold in order to identify the states responsible for the remaining resonances. These calculations use the FIELD program with propagation to reduced distances around 100 nm in order to reduce interference from continuum states.
In the presence of inelastic scattering, a(B) does not show actual poles at resonance [32] . If the background inelastic scattering is negligible, the real part α(B) shows an oscillation of amplitude a res , while the imaginary part shows a peak of height a res . The resonant scattering length a res is determined by the ratio of the couplings from the quasibound state responsible for the resonance to the incoming and inelastic channels [32] . If there is significant background scattering, then there is a more complicated asymmetric lineshape that may show a substantial dip in the inelastic scattering near resonance [39] . Table II along with their widths and approximate a res values.
We have also investigated the scattering length for mixed spin channels with a view to identify broad resonances suitable for manipulating interactions. Most channels exhibit strong inelastic decay with measured trap lifetimes of ∼ 100 ms. However, the (2, +2)+(3, +3) channel is immune to inelastic spin exchange collisions, resulting in trap lifetimes of ∼ 5 s. The scattering length in the mixed spin channel, (2, +2) + (3, +3) shows two pole-like resonances at 818.8 G and 909.9 G, both with widths of 2 mG, and a res = 1600 a 0 and 800 a 0 respectively.
III. EXPERIMENT
The details of our apparatus and cooling scheme are presented in Refs. [10, 40, 41] and are only briefly recounted here. Ultracold samples of 85 Rb are collected in a magneto-optical trap before being optically pumped into the (2, −2) state and loaded into a magnetic quadrupole trap. Forced RF evaporation cools the 85 Rb atoms to 50 µK where further efficient evaporation is impeded by Majorana losses [42] . The atoms are then transferred into a crossed dipole trap derived from a single-mode 1550 nm, 30W fibre laser. When loading, the power in each beam is set to 4 W, creating a trap 100 µK deep with radial and axial trap frequencies of 455 Hz and 90 Hz respectively. After loading, when performing Feshbach spectroscopy in the absolute internal ground state, the 85 Rb atoms are transferred into the |2, +2 state by RF adiabatic passage [43] . A vertical magnetic field gradient of 21.2 G/cm is then applied, slightly below the 22.4 G/cm necessary to levitate 85 Rb. In contrast, when working with the (2, −2) state, no magnetic field gradient is applied and the atoms are confined in a purely optical potential.
A typical experiment begins with 6.0(3) × 10 5 85 Rb atoms at 10.2(1) µK confined in the dipole trap in either (2, +2) or (2, −2). To perform Feshbach spectroscopy, the magnetic field is switched to a specific value in the range 0 to 1000 G. Evaporative cooling is then performed by reducing the dipole beam powers by a factor of 4 over 2 s. The atomic sample is then held for 1 s in this final potential. Resonant absorption imaging is used to probe the atoms after each experimental cycle. Feshbach resonances are identified by examining the variation in the atom number and temperature as a function of the magnetic field. The magnetic field is calibrated using microwave spectroscopy between the hyperfine states of 85 Rb. These measurements reveal our field stability to be 0.1 G for the range 0 to 400 G and 0.5 G for the range 400 to 1000 G.
To perform Feshbach spectroscopy on a spin mixture of (2, +2)+(3, +3), a cloud of (2, +2) atoms is first cooled using the same evaporation sequence as above at 22.6 G. To populate the (3, +3) state a microwave pulse is applied for 250 ms at 3.0887 GHz producing a mixture containing 7(1) × 10 4 atoms in each of the (2, +2) and (3, +3) spin states. The magnetic field is then switched to a value in the range 0 to 1000 G and held for 750 ms. Finally, Stern-Gerlach spectroscopy and absorption imaging are used to probe both spin states simultaneously.
IV. EXPERIMENTAL RESULTS
We have observed 7 resonances in the aa channel and 9 resonances in the ee channel. The observed and predicted resonance positions and widths are listed in Tables  I and II and show good agreement between experiment and theory. In the ground state, all the widest calculated resonances are seen experimentally, with the exception of the two high-field resonances where the experimental field is less stable. In the excited state, all but two of the predicted pole-like resonances are seen, together with two of the inelastically dominated features. Figure 3 shows fine scans of the atom number for two of the narrow resonances, one in each of the aa and ee channels. Such resonances produce sharp drops in atom number. The experimental positions and widths of these resonances are determined by fitting a Lorentzian, with width δ, to the data points. It should be noted that the experimental and theoretical widths are entirely different quantities for narrow resonances, and should not be compared.
There are three resonances with widths greater than 1 G. Figure 4 shows a fine scan across the resonances near 530 G in the ee channel, and 850 G in the aa channel. In these cases the atom number shows both a peak and a trough. The trough (loss maximum) again corresponds to the resonance position, while the peak (loss minimum) occurs near the zero-crossing of the scattering length. The three wide resonances are several orders of Incoming s-wave (2,2)+(2,2) state Experiment (2) 2 (2,2) 4 2 (2) 2 (2,2) 2 2 Rb2 in the aa channel in the field range between 0 and 1000 G. All quantum numbers in the table refer to the molecular states. The experimental errors shown are statistical uncertainties resulting from the fits as described in the text. The experimental width labeled † was determined from the difference between the minima and maxima in the measured atom number. Additional systematic uncertainties of 0.1 G and 0.5 G apply to resonance positions in the field ranges 0 to 400 G and 400 to 1000 G respectively. magnitude wider than any of the other resonances seen and provide valuable control over the scattering length. Note that our measurement of the position of the wellknown 155 G resonance in the ee channel is not as accurate as the determination from bound-state spectroscopy [21] .
The two inelastically dominated features that are seen 
where β(B) is the imaginary part of the scattering length and g n = 2 for a thermal cloud of identical bosons [3] . The calculated rate coefficients for the two resonances are shown in panels (e) and (f); they peak around 1 × 10 −11 cm 3 /s, which is an order of magnitude higher than for any of the other inelastically dominated features.
We have also measured one resonance in the (2, +2) + (3, +3) mixed spin channel. The experimental results are presented in Figure 6 where a loss feature in the 85 Rb (2, +2) number reveals the location of the resonance. A Lorentzian fit gives a resonance position of 817.45(5) G Rb2 in the ee channel in the field range between 0 and 1000 G. All resonances shown satisfy ares ≥ 1 a0. All quantum numbers in the table refer to the molecular states. The experimental errors shown are statistical uncertainties resulting from the fits as described in the text. The experimental width labeled † was determined from the difference between the minima and maxima in the measured atom number. Additional systematic uncertainties of 0.1 G and 0.5 G apply to resonance positions in the field ranges 0 to 400 G and 400 to 1000 G respectively. The resonances near 155 G and 220 G have been measured previously [21, 44] . and an experimental width of 0.031(1) G, which may be compared with the predicted position 818.8 G.
V. CONCLUSION
A detailed understanding of the two-body scattering behavior is essential for understanding many phenom- ena in ultracold gases. These include studies of molecule formation [22] [23] [24] [25] [26] , Efimov states and their universality [14, 16, 27, 45] , dimer collisions and few-body physics [46] , BEC production [9, 47] , controlled condensate collapse [12] [13] [14] , and the formation of bright matter wave solitons [15] . The scattering properties of many alkalimetal atoms have been documented in the literature [3] . However, nearly all previous work on 85 Rb has focussed on a single broad resonance near 155 G. This paper redresses this balance by presenting a detailed study of the scattering properties of 85 Rb, revealing additional broad resonances and numerous unreported narrow resonances in both the ee and aa channels. As has been the case for other alkali-metal atoms, this work will facilitate many future studies using 85 Rb.
We have recently explored interspecies Feshbach resonances in mixtures of 85 Rb and 133 Cs [10] , as a key step towards the production of 85 Rb 133 Cs molecules. The improved understanding of the collisional behavior of 85 Rb resulting from the present work is essential for the production of the high phase-space density mixtures required for efficient molecule formation. In particular, the two previously unmeasured broad resonances presented here offer new magnetic field regions for evaporative cooling. The elastic to inelastic collision ratio in the vicinity of these features is potentially more favorable for evaporative cooling than near the 155 G resonance, where direct evaporation of 85 Rb to BEC is possible [9, 48] . Figure  7 compares the scattering properties around the 532 G resonance with those near the 155 G resonance. The results for the 562 G resonance show a pronounced dip in the rate coefficient for 2-body loss near 570 G, due to interference between the resonant and background contributions to the inelastic scattering [32, 39] , which offers a range of magnetic fields where more efficient cooling may be possible. No such dip in the 2-body loss rate is present near the 155 G resonance. Alternatively, the aa channel offers the prospect of evaporative cooling free from two-body loss. Although the background scattering length is moderately large and negative for ground-state atoms (see Figure 1) , the broad resonance at 851 G may be used to tune the scattering length to modest positive values, improving the evaporation efficiency and offering the prospect of BEC formation directly in absolute ground state. In the future we will investigate evaporative cooling in these new field regions. We will also use the improved knowledge of the scattering of 85 Rb presented in this paper, together with similar knowledge for 133 Cs [49, 50] , to devise a route to cooling 85 Rb-133 Cs mixtures to suitable phase-space densities for magnetoassociation using a narrow interspecies resonance [10] .
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